The possibility that sulfate-reducing microorganisms contribute to U(VI) reduction in sedimentary environments was investigated. U(VI) was reduced to U(IV) when washed cells of sulfate-grown Desulfovibrio desulfuicans were suspended in a bicarbonate buffer with lactate or H2 as the electron donor. There was no U(VI) reduction in the absence of an electron donor or when the cells were killed by heat prior to the incubation. The rates of U(VI) reduction were comparable to those in respiratory Fe(III)-reducing microorganisms. Azide or prior exposure of the cells to air did not affect the ability of D. desulfuricans to reduce U(VI).
Microbial reduction of soluble U(VI) to insoluble U(IV) may play an important role in the geochemical cycle of uranium and may also serve as a mechanism for the bioremediation of uranium-contaminated waters (26) . The precipitation of U(IV) as the result of U(VI) reduction in anaerobic marine sediments is the most significant modern global sink for dissolved uranium (1, 19, 35) . Immobilization of uranium through U(VI) reduction has led to the formation of many economically important uranium deposits (15, 17, 20, 34) . Reductive precipitation of uranium may also account for the ability of the bottom sediments of algal ponds to remove dissolved uranium from uranium mine wastewaters (4) . Bioreactors containing U(VI)-reducing microorganisms can rapidly remove dissolved uranium from water (11) .
Only two microorganisms, "Geobacter metallireducens" (previously known as strain and Shewanella (previously Alteromonas) putrefaciens, have been previously shown to use U(VI) as a terminal electron acceptor (26) . Both of these microorganisms are respiratory Fe(III)-reducing microorganisms (25, 27, 28) . The finding that respiratory Fe(III)-reducing microorganisms can reduce U(VI) is consistent with geochemical evidence indicating that U(VI) is reduced within the Fe(III)-reducing zones of marine sediments (3, 6, 18, 20, 37) and other environments (12, 13) .
However, U(VI) may also be reduced in environments where Fe(III)-reducing microorganisms may not be abundant. For example, the coprecipitation of sulfide and U(IV) minerals from some groundwaters suggests that, in some instances, U(VI) is reduced in environments in which sulfate reduction is the predominant terminal electron-accepting process (33) ganisms may not be present in some sulfidogenic subsurface environments (22) . Therefore, a mechanism other than the activity of Fe(III)-reducing microorganisms may be required to explain U(VI) reduction in such environments. Furthermore, a recent study has suggested that in some marine sediments, U(VI) might be reduced within the sulfate-reducing rather than the Fe(III)-reducing zone (19) .
Nonenzymatic reduction of U(VI) by sulfide has been the traditional explanation for U(VI) reduction in sulfidogenic environments (15, 17, 20, 30, 32, 33, 36) . However, our studies (26) have indicated that sulfide is a poor U(VI) reductant. An alternative possibility is that microorganisms living within the sulfidogenic environment enzymatically reduce U(VI). U(VI) was reduced in sulfate-reducing cultures of Desulfovibrio desulfuricans (32, 36) . Although this was attributed to a nonenzymatic reduction of U(VI) by the sulfide produced during sulfate reduction (32, 36) , the results did not preclude direct enzymatic reduction of U(VI) by D.
desulffuricans.
The possibility of enzymatic U(VI) reduction by D. desulfjuricans is supported by another study, which stated that cell extracts of D. desulfuricans could reduce U(VI) (38) . However, no data supporting this statement were given. Furthermore, the physiological significance of such metal reductions in cell extracts to whole-cell metabolism is questionable (9) .
The purpose of the study reported here was to investigate the possibility that in addition to Fe Culturing. Standard anaerobic techniques (2, 16, 31) were used throughout the study. Gases were passed through a column of hot reduced copper filings to remove traces of oxygen. The growth medium was a modification of the medium previously used to cultivate "G. metallireducens" (25) . In addition to vitamins and trace minerals, the constituents (per liter of the basic medium) were as follows: NaH2CO3, 2.5 g; NH4Cl, 1.5 g; NaH2PO4, 0.6 g; KCl, 0.1 g; 60% lactate syrup, 20 ml; MgSO4, 1.5 g; and Na2SO4, 1.5 (25, 27) .
Cell suspensions. Under N2-C02, cells were collected by centrifugation, resuspended in anaerobic bicarbonate buffer (2.5 g of sodium bicarbonate per liter), centrifuged, and then resuspended in bicarbonate buffer (10 ml) in 25-ml serum bottles to provide ca. 1 to 5 mg of cell protein. The pH was 6.8. For studies in which sulfate reduction was also investigated, the buffer also contained 0.25 g of L-cysteine-HCI per liter.
U(VI) (1 mM unless otherwise noted) was provided as uranyl acetate from a 10 mM stock solution in bicarbonate buffer. Lactate (10 mM) was included as an electron donor in all experiments unless otherwise stated. Sulfate (2 mM) was added in the studies on the concurrent reduction of U(VI) and sulfate. Lactate and sulfate were added from concentrated anaerobic stocks of the sodium salts in deionized water. H2 was provided by injecting 10 ml of H2 into the headspace.
To heat kill cells, we heated the buffer to 80°C in a water bath and maintained it at 80°C for an additional 15 min after the addition of the cells and prior to the addition of U(VI) or sulfate. We exposed cells to air by bubbling air through the suspension for 10 min. The suspensions were then bubbled with N2-C02 for 5 min before U(VI) was added. Studies on the effect of azide were conducted by preincubating the cell suspension in the presence of 1 mM sodium azide for 15 min prior to the addition of U(VI). Sulfide (1 mM) was added to cell suspensions, when noted, from a freshly prepared anaerobic stock in bicarbonate buffer. Cell suspensions were incubated at 35°C, which was optimal for U(VI) reduction by all three organisms.
Analytical techniques. The U(VI) concentration was measured under anaerobic conditions as previously described (11, 26) with a Kinetic Phosphorescence analyzer (KPA-10; Chemchek Instruments), which uses a pulsed nitrogen dye laser and a complexing agent to measure U(VI) levels in solution. To measure the total uranium content, a 1-ml sample was brought out into the air, acidified with 0.5 ml of concentrated nitric acid, and diluted with deionized water under aerobic conditions. This treatment oxidized U(IV) to U(VI). The U(IV) concentration was calculated as the difference between the U(VI) and total uranium determinations. Samples for sulfate determination were filtered (Gelman Acrodisc; pore diameter, 0.2 ,um) and analyzed on a Dionex ion chromatograph. Protein was determined by the method of Lowry et al. (29) with bovine serum albumin as a standard. For X-ray diffraction analysis, the precipitate resulting from U(VI) reduction in cell suspensions was collected on Whatman no. 5 filter paper, dried under N2, and ground to a fine powder with a mortar and pestle. The randomly oriented powder was mounted on a glass slide with amyl acetate. The X-ray diffractometer was equipped with a graphite monochrometer and a nickel filter and used CuK5 radiation with a wavelength of 1.5418 A (0.15418 nm). The scan rate was 10 2(theta)/min, with a soller slit of 10 and a receiving slit of 0.25°.
Electron microscopy. A U(VI)-reducing cell suspension of D. desulfunicans was examined by transmission electron microscopy by using a Philips EM400T electron microscope operating at 100 kV. The elemental composition of the precipitate was determined by energy-dispersive X-ray analysis by using a Link EDS system (spot size, 10 nm) attached to a Link light element detector. RESULTS U(VI) reduction in cell suspensions. When washed cell suspensions of D. desulfuricans were suspended in bicarbonate buffer containing lactate as the potential electron donor, there was a rapid loss of U(VI) over time and a corresponding increase in the amount of U(IV) (Fig. 1A) . Hydrogen served equally as well as lactate as an electron donor for U(VI) reduction (Fig. 1B) . There was no U(VI) reduction in the absence of an added electron donor or in the presence of an electron donor (lactate) with heat-killed cells (Fig. 1B) .
On the basis of cell protein measurement, the U(VI)-reducing ability of D. desulfuncans compared favorably with the rates of U(VI) reduction by GS-15 and S. putrefaciens, the two organisms previously shown to reduce U(VI) (Fig.  2) . D. desulfuricans reduced U(VI) slightly faster than GS-15 did and slightly more slowly than S. putrefaciens did.
Azide (1 mM) or prior exposure of the cells to air did not inhibit U(VI) reduction by D. desulfunicans (Fig. 3) . Similar results have been observed with "G. metallireducens" and S. putrefaciens (10) .
Attempts to grow D. desulfuricans with U(VI) as the sole electron acceptor were unsuccessful. There was no growth or U(VI) reduction when D. desulfuricans was inoculated into the previously described medium (26) that supported the growth of "G. metallireducens" and S. putrefaciens on U(VI). When U(VI) (2 to 8 mM) was added to a sulfategrown culture of D. desulfuricans when the sulfate was depleted, U(VI) was reduced but there was no cell growth. Addition of as much as 5 mM uranium to the sulfatecontaining medium routinely used to grow D. desulfuricans did not prevent growth, indicating that the lack of growth on U(VI) alone was not the result of U(VI) toxicity. was made up of the U(IV)-containing mineral uraninite (U02) (Fig. 4) . Examination of the cell suspensions by transmission electron microscopy indicated that the uranium precipitation was extracellular (Fig. 5) . This is only the second report of biogenic uraninite. "G. metallireducens" was also recently found to form uraninite during U(VI) reduction (11) .
Concurrent reduction of U(VI) and sulfate. Sulfate would typically be present in many sedimentary environments in which U(VI) is reduced. Therefore, the influence of sulfate on U(VI) reduction was investigated. There was little or no sulfate reduction in bicarbonate buffer alone ( 2 HOURS suspension buffer resulted in higher rates of sulfate reduction, but had no effect on the rate of U(VI) reduction ( Fig.  6A and B) . Therefore, studies of the potential for U(VI) reduction in the presence of sulfate were conducted by using bicarbonate buffer amended with cysteine. Sulfate had no significant effect on U(VI) reduction, and U(VI) additions did not influence the rate of sulfate reduction; the two were reduced simultaneously (Fig. 6C) .
U(VI) reduction during sulfate reduction by D. desulfuricans has previously been suggested to be the result of nonenzymatic reduction of the U(VI) by sulfide generated from sulfate reduction (32, 36) . To of U(VI) by sulfide (Fig. 7) . There was no reduction of U(VI) by sulfide at 30°C in buffer containing no cells (26) .
DISCUSSION
The results demonstrate that D. desulfuricans can rapidly reduce U(VI) to U(IV). This extends the range of microorganisms known to enzymatically reduce U(VI) beyond dis- (32) . However, the possibility that D. desulfuricans could directly reduce U(VI) was not investigated. There were no control experiments with metabolically inactive cells or studies without sulfide present. Therefore, the results of that previous study are also consistent with the enzymatic reduction of U(VI) that was observed in the studies reported here. In contrast to the respiratory Fe(III)-reducing microorganisms which can conserve energy from U(VI) reduction to support growth (26) , attempts to grow D. desulfuricans with U(VI) as the electron acceptor were unsuccessful, even though the added U(VI) did not appear to be toxic. In a similar manner, other strains of D. desulfuricans have been found to use 02 as a terminal electron acceptor, but could not be grown with 02 as the sole electron acceptor (7).
However, aerobic respiration did result in ATP formation (7) . The potential for ATP formation during U(VI) reduction has not yet been investigated.
The finding that the U(VI)-reducing system in D. desulfuricans is not irreversibly inhibited by exposure to atmospheric oxygen suggests that the purification of the components involved in U(VI) reduction may be approached by standard biochemical techniques. Such studies should yield further information on the potential for energy conservation through U(VI) reduction.
Geological significance. Many of the economically important uranium ores in the western United States are from uranium accumulations known as sandstone or roll-type deposits. Geological evidence suggests that these deposits are formed when aerobic, neutral to alkaline groundwaters, carrying dissolved U(VI)-carbonate complexes and oxidized sulfur compounds, enter anaerobic zones (15, 17, 33) . In the anaerobic zones, U(VI) is reduced to U(IV) and sulfate is reduced to sulfide with the formation of U(IV) and sulfide precipitates. This has generally been attributed to sulfide production by sulfate reducers with the subsequent nonenzymatic reduction of U(VI) by sulfide (15, 17, 20, 30, 32, 33, 36 Dissimilatory Fe(III)-reducing microorganisms might also be responsible for some of the U(VI) reduction in roll-type deposits (26) . However, there is evidence in many instances that the sediments making up the zone of U(IV) deposition had already undergone extensive sulfate reduction prior to the introduction of U(VI)-bearing waters (17, 33 Fe(III) reducers do not appear to persist for long periods in subsurface habitats in the absence of Fe(III) reduction (22) .
The finding that D. desulfuricans can enzymatically reduce U(VI) also has implications for U(VI) reduction in marine sediments. In oligotrophic marine sediments much of the U(VI) reduction appears to take place in the zone in which Fe(III) is the predominant electron acceptor for organic matter oxidation (3, 5, 6, 14, 18, 37) . In these environments, Fe(III) reducers may be responsible for most of the U(VI) reduction (26) reducers within the Fe(III) reduction zone (21, 24) . However, sulfate reducers could play an important role in U(VI) reduction in more eutrophic marine sediments in which microbially reducible Fe(III) oxides are rapidly depleted, and therefore there is often not a distinct segregation between the Fe(III)-and sulfate-reducing zones.
The relative contribution of Fe(III) and sulfate reducers to U(VI) reduction in sediments is unlikely to be affected greatly by the ability of Fe(III) reducers to conserve energy from U(VI) reduction and the apparent inability of D. desulfuricans to obtain energy for growth from this reaction. The concentrations of U(VI) in marine waters are ca. 12 nM (8) . Therefore, even when energy can be conserved from U(VI) reduction, this process can be expected to provide, at best, a minimal amount of cell growth in marine sediments. The more important consideration controlling the relative extent of U(VI) reduction by Fe(III) and sulfate reducers is likely to be the availability of Fe(III) oxides to support an Fe(III)-reducing population.
Potential advantages of D. desulfuricans over Fe(III) reducers for remediation of U(VI)-contaminated waters. The precipitation of uranium from water as a result of microbial reduction of U(VI) to U(IV) is a potential mechanism for the removal of uranium from contaminated waters that has several possible advantages over present methods of uranium removal (11, 26 
